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1.  Summary 


This  report  is  divided  into  three  Sections;  the  first  covering  the  work  done  in  the  area  of 
high  speed  InGaAs/GaAs  strained  quantum  well  lasers,  the  second  in  the  material  growth  and 
laser  fabrication  in  the  InGaAs/AlInGaAs  system,  and  the  third  in  the  Gas  Source  Molecular 
Beam  Epitaxy(GSMBE)  of  InP  materials.  Here  we  will  present  a  brier  summary  of  the  work 
performed  under  the  contract  for  the  past  three  years. 


This  contract  began  at  a  time  when  quantum  well  laser  bandwidths  were  severely  limited  for 
unknown  reasons  and  the  largest  bandwidths  were  in  bulk  lasers.  There  had  been  numerous 
predictions  of  increased  bandwidth  in  quantum  well  lasers,  but  these  predictions  seemed  to  be 
incorrect  This  has  now  all  changed.  During  the  initial  portion  of  this  contract,  we  fabricated 
strained  quantum  well  lasers  and  discovered  anomolously  large  damping  rates  in  quantum  well 
lasers.  Large  damping  rates  result  in  small  bandwidths  because  the  lasers  become  critically 
damped  at  a  low  frequency.  During  the  second  portion  of  the  contract,  we  developed  a  theory 
describing  the  reasons  for  the  small  bandwidths  in  quantum  well  lasers  that  had  been  observed 
throughout  the  world.  The  effect  of  transport  on  resonance  frequency,  damping  frequency,  K 
factor,  intensity  noise,  internal  efficiency,  injection  efficiency  and  wavelength  chirping  has  been 
derived.  We  have  shown  theoretically  and  experimentally  that  carrier  transport  can  lead  to 
significant  low  frequency  parasitic-like  rolloff  that  reduces  the  modulation  response  by  as  much 
as  a  factor  of  six  in  quantum  well  lasers.  We  have  also  shown  that,  in  addition,  it  leads  to  a 
reduction  in  the  effective  differential  gain  and  thus  the  resonance  frequency,  while  the  nonlinear 
gain  compression  factor  remains  largely  unaffected  by  it.  In  the  presence  of  significant  transport 
effects,  we  have  shown  that  the  real  limit  to  the  maximum  possible  modulation  bandwidth  is 
much  lower  than  the  one  predicted  by  the  K  factor  alone.  We  also  clearly  demonstrate  that  as  in 
the  case  of  device  optimization  for  high  speed  operation,  one  has  to  minimize  the  transport  time 
across  the  optical  and  current  confinement  regions  and  maximize  the  escape  time  out  of  the 
quantum  well  active  region,  to  maximize  the  internal  and  the  injection  efficiencies  and  minimize 
the  wavelength  chirping.  Finally,  we  developed  a  process  for  high  speed  ridge  waveguide  laser 
fabrication  and  demonstrated  bandwidths  of  22  GHz  in  strained  quantum  well  lasers.  Tnese 
transport  results  have  been  used  by  groups  around  the  world,  and  bandwidths  of  up  to  30  GHz 
have  now  been  demonstrated. 


1 


Rome  Laboratories  Contract  itFI962HS9-K-0042:  Final  Report.  Section  l 


One  of  the  conclusions  of  the  transport  theory  of  modulation  is  the  importance  of  rapid  uniform 
filling  of  quantum  wells.  This  is  particular!;  a  problem  in  long  wavelength  InGaAsP/InP  lasers 
where  the  valence  band  discontinuity  is  quite  large.  The  InGaAs/AlGalnAs  system  has  much 
smaller  valence  band  discontinuities  and  better  electron  confinement.  The  initial  focus  of  our 
research  was  on  materials  growth  and  broad  area  laser  fabrication.  The  superiority  of  digital 
alloys  was  demonstrated  in  lasers  with  record  low  losses  (3  cm'1)  and  low  threshold  current 
densities  (290  A/cm2).  A  ridge  waveguide  technology  was  developed  for  AlGalnAs/InP  and  low 
threshold  (20  mA)  CW  lasers  were  demonstrated.  Initial  high  speed  measurements  are 
encouraging  with  2  GHz/mV/-5  relaxation  oscillation  slope  efficiencies  demonstrated. 

An  interesting  alternative  to  MOCVD  growth  of  InGaAsP  is  GSMBE  growth.  This  research  at 
CSU  focussed  on  the  development  of  growth  techniques  for  high  quality  InGaAsP 
heterostructures.  InGaAsP  films  with  compositions  corresponding  to  bandgap  emission  at 
wavelengths  from  1.1  to  1.6  |im  were  grown  over  a  range  of  V/III  ratios.  A  lattice  mismatch  of 
less  than  5  x  10*4  was  reproducibly  obtained.  Much  of  this  research  focussed  on  the  growth  of 
epitaxial  mirrors  for  vertical  cavity  lasers.  Uniform  thickness  layers  were  demonstrated  with 
thicknesses  of  171  nm  uniform  to  5  nm  over  a  6  growth.  High  resolution  TEM  pictures 
indicate  an  abruptness  of  1-2  monolayers  at  the  InP/InGaAsP  interface  and  2-3  monolayers  at  the 
InGaAsP/InP  interface.  Record  reflectivities  of  97%  in  InGaAsP/InP  were  demonstrated. 

A  second  major  use  of  GSMBE  grown  films  was  in  the  demonstration  of  high  speed  InGaAs 
photodetectors.  A  seres  of  films  were  grown  to  demonstrate  the  importance  of  graded  layers  in 
low  resistance  contacts  resulting  in  lower  contact  resistance.  The  result  was  a  series  of 
photodetectors  with  succssively  higher  bandwidths,  first  70  GHz  and  then  110  GHz,  which  is  a 
record  for  the  InP  system. 
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2.1  Introduction 

The  high  speed  dynamics  in  semiconductor  lasers  have  been  conventionally  modeled 
using  a  set  of  two  coupled  first  order  linear  differential  equations;  one  for  the  carrier  density  and 
the  other  for  the  photon  density  in  the  cavity.  From  the  small  signal  analysis  of  these  rate 
equations,  the  resonance  frequency  and  the  damping  rate  of  the  resultant  second  order  system  can 
be  written  as;  fr  =  (1/2ji)  "V  Vgg’S/tp  and  y  =  g’S  +  eS/tp,  where  vg  is  the  group  velocity  in  the 
cavity,  g'  is  the  differential  gain,  S  is  the  photon  density,  tp  is  the  photon  lifetime  and  e  is  the 
gain  compression  factor.  In  this  analysis,  the  intrinsic  limit  to  the  speed  of  operation  of  the  laser 
is  the  cavity  loss  rate  determined  by  the  photon  lifetime,  the  differential  gain  and  the  photon 
density. 

The  optical  gain,  g',  is  photon  density  dependent,  i.e.  it  saturates  at  high  photon  density 
levels,  and  this  provides  an  additional  source  of  damping.  This  nonlinear  photon  density 
dependence  of  optical  gain  is  introduced  into  the  rate  equation  formalism  via  a 
phenomenological  gain  compression  factor,  e.  The  gain  or  the  differential  gain  in  the  laser  cavity 
is  then  written  as,  g'  *  g«j/(l  +  £S),  and  in  the  case  of  small  eS,  keeping  only  the  linear  term  of  the 
Taylor  expansion,  it  is  also  sometimes  written  as  g'  *  go(l  *  eS)  where  go  is  the  differential  gain 
component  determined  solely  by  material  parameters  and  may  also  be  carrier  density  dependent 
as  in  the  case  of  quantum  well  active  regions.  The  physical  origins  of  the  gain  compression 
factor  are  primarily  spectral  hole  burning  and  transient  carrier  heating.  The  damping  rate,  y, 
varies  linearly  with  fr2,  and  the  proportionality  constant  is  called  the  K  factor; 
K  ~  4jc2  (xp  +  e/vgg0).  The  maximum  possible  intrinsic  modulation  bandwidth  is  determined 
solely  by  this  factor,  fmax  and  thus  K  is  often  taken  as  a  figure  of  merit  for  high  speed 

semiconductor  lasers.  In  practice,  the  maximum  possible  modulation  bandwidth  is  usually 
limited  by  RC  parasitics,  device  heating  and  maximum  power  handling  capability  of  the  laser, 
especially  the  facets. 

Although  this  analysis  is  mostly  adequate  for  the  design  of  high  speed  semiconductor 
lasers  with  bulk  active  areas,  it  falls  short  in  explaining  the  modulation  properties  of 
semiconductor  laser  structures  with  additional  carrier  and  optical  confinement  regions,  like  the 
quantum  well  lasers.  Lasers  with  quantum  well  active  areas  have  been  theoretically  and 
experimentally  shown  to  have  enhanced  differential  gain  over  the  bulk  lasers.  Additional 
enhancements  can  be  obtained  with  the  inclusion  of  strain,  /^-doping  or  modulation  doping.  This 
enhancement  in  material  differential  gain  (as  opposed  to  the  effective  differential  gain  which  is 
affected  by  the  carrier  transport  factors)  led  to  theoretical  predictions  of  increased  modulation 
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bandwidth  in  quantum  well  ..  sers,  where  it  is  only  recently  that  the  modulation  bandwidths  have 
been  comparable  to  or  better  the  best  bulk  lasers.  Initially,  the  smaller  modulation  bandwidths  in 
quantum  well  lasers  over  the  bulk  ones  were  explained  by  either  an  increase  in  the  nonlinear  gain 
compression  factor,  e.  It  has  been  theoretically  proposed  that  e  is  enhanced  by  quantum 
confinement,  and  the  inclusion  of  strain  increases  it  even  more.  Using  the  spectral  holebuming 
model  for  the  computation  of  the  intrinsic  e  and  its  variation  with  quantum  confinement, 
quantum  well  structures  can  be  optimized  for  high  speed  operation.  A  well-barrier  holebuming 
model  was  also  proposed  which  concluded  that  there  is  an  additional  contribution  to  the  intrinsic 
e  which  is  structure  dependent. 

We  have,  through  the  work  sponsored  by  this  contract,  shown  that  the  carrier  transport 
effects  like  diffusion  across  the  separate  confinement  heterostructure,  tunneling  between  the 
quantum  wells  and  escape  via  thermionic  emission  out  of  the  quantum  well  are  also  important 
and  ofte  >  the  dominant  limit  in  the  quantum  well  lasers.  In  this  Section  we  will  cover  the  major 
highlights  of  the  strained  InGaAs/GaAs  high  speed  semiconductor  laser  effort  at  UCSB  for  the 
duration  of  the  contract.  The  details  of  the  device  design,  analysis  and  fabrication  arc  presented 
in  the  publications  sponsored  by  the  contract  which  have  been  listed  at  the  end  of  the  Section. 

2.2  Device  Fabrication  and  Characterization 

All  the  epitaxial  material  used  in  the  study  were  grown  by  molecular  beam  epitaxy 
(MBE)  at  UCSB.  Broad  area  lasers  are  fabricated  to  evaluate  the  quality  of  the  laser  material. 
The  broad  area  threshold  current  density  is  a  good  indication  of  the  material  quality  and  the 
epitaxial  layer  design.  In  addition,  the  data  for  internal  quantum  efficiency  and  internal  loss  can 
also  be  extracted  from  broad  area  measurements.  The  compiled  broad  area  data  for  the  wafers 
presented  in  this  final  study  is  given  in  Table  1.  The  best  wafers  have  a  threshold  current  density 
of  93  A/cm2  and  an  internal  of  4.3  cm'1. 

Fig.  1  shows  the  polyimide  buried  ridge  waveguide  high  speed  laser  structure  used  by  us 
to  minimize  the  device  parasitic  capacitance.  A  self  aligned  technique  is  used  to  fabricate  the 
narrow  ridge  waveguide  lasers.  In  the  first  step,  narrow  metal  stripes  of  Pd/Zn/Pd/Au/NL  are 
lifted  off  to  define  the  ridge  width  and  form  the  contact  to  the  p*  Ga  As  cap  layer.  Pd/Zn/Pd/Au 
contacts  have  been  reported  to  give  very  low  contact  resistances  on  p  doped  GaAs.  A  contact 
resistance  of  IxlO*6  Q-cm2  was  measured  for  this  structure  using  the  transmission  line  method. 
The  final  Ni  layer  is  deposited  to  act  as  a  mask  for  the  subsequent  reactive  ion  etch  (REF,)  step. 
The  ridges  are  dry  etched  using  CI2  and  the  etch  depth  is  precisely  monitored  in-situ  using  a  He- 
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Ne  laser.  Using  this  method,  narrow  ridges  of  a  desired  height  are  fabricated  in  a  very  controlled 
and  reproducible  manner.  The  ridges  are  etched  to  a  depth  of  8500  A.  The  p-contacts  are 
annealed  after  this  at  410  °C  for  5  s.  Polyimide  (Ciba-Geigy  Probimide  284)  is  then  spun  on  and 
cured  for  one  hour  at  320  °C  in  a  N2  atmosphere.  The  cured  polyimide  is  then  dry  etched  by  O2, 
which  is  stopped  once  the  metal  stripe  is  exposed.  Au  is  then  patterned  over  the  exposed  metal 
stripe,  using  lift  off,  to  form  the  top  contact  to  the  laser.  The  wafer  is  then  subsequently  lapped 
and  Ni/AuGe/Ni/Au  combination  is  deposited  as  the  contact  to  the  n  GaAs  substrate.  The  n 
contact  is  annealed  at  380  °C  for  15  s. 

Fig.  2  shows  the  variation  of  threshold  current  with  stripe  width  for  170  pm  cavity  length 
MQW  lasers  with  three  quantum  wells.  The  variation  of  threshold  current  with  stripe  width  is 
only  0.66  mA/|im,  and  the  linear  extrapolated  intercept  is  3.87  mA.  This  intercept  gives  a 
measure  of  the  leakage  current  and  the  lateral  diffusion  of  carriers.  These  results  show  that  it  is 
possible  to  fabricate  low  threshold  lasers  with  narrow  ridge  waveguides  down  to  1  p.m  with  this 
process.  The  threshold  current  reaches  a  minimum  at  around  the  ridge  width  of  2  |.im.  The 
increase  in  threshold  current  at  smaller  ridge  widths  is  due  to  the  loss  of  lateral  optical 
confinement  factor  in  the  narrower  ridge  waveguide  structures.  At  these  dimensions  the  optical 
mode  is  no  longer  completely  confined  to  the  ridge  waveguide,  and  the  index  discontinuity  at  the 
semiconductor/polyimide  interface  begins  to  introduce  a  significant  amount  of  optical  loss. 

Fig.  3  shows  the  threshold  current  variation  with  Temperature  for  two  SQW  laser  samples. 
Sample  C  has  a  3000  A  wide  SCH  and  Sample  F  has  a  900  A  wide  SCH.  Both  of  them  have 
large  characteristic  temperature,  T0,  and  the  threshold  current  is  very  stable  against  variations  in 
temperature.  On  closer  examination  of  Fig.  3,  one  may  notice  that  the  T0  value  is  not  constant 
throughout  the  measurement  range,  but  instead  increases  at  about  room  temperature.  The  values 
of  T0  measured  here  for  the  InGaAs/GaAs  lasers  are  large  compared  to  those  between  50  K  and 
70  K  reported  for  InGaAsP  lasers  at  room  temperature.  This  suggests  a  good  possibility  of  high 
speed  operation  of  these  lasers  at  elevated  temperatures. 

2.3  Carrier  Transport  Across  the  Separate  Confinement  Heterostructure 

Lasers  were  fabricated  from  three  SQW  samples  with  different  SCH  widths;  Sample  A 
with  760  A  wide  SCH,  Sample  B  with  1500  A  wide  SCH  and  Sample  C  with  3000  A  wide  SCH, 
to  investigate  the  effects  of  varying  the  transport  time  on  the  modulation  response.  Figs.  4  (a) 
and  4  (b)  show  the  experimental  C.W.  modulation  response  of  Samples  A  and  C.  The  samples 
both  have  300  nm  lorg  cavities  and  2.5  nm  wide  ridges.  Although  the  devices  are  identical 
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except  for  the  SCH  width,  the  modulation  response  of  Sample  C  with  the  widest  SCH  region  is 
completely  damped  at  about  half  the  output  power  level  of  Sample  A,  and  the  bandwidth  of 
Sample  A  is  six  times  that  of  Sample  C  at  higher  power  levels.  The  maximum  C.W.  modulation 
bandwidth  for  Sample  A  is  18.1  GHz,  which  is  the  largest  reported  to  date  in  SQW  lasers. 

The  damped  response  of  Sample  C  shows  all  the  effects  predicted  by  the  transport  model. 
The  response  is  similar  to  one  of  a  device  which  is  limited  by  a  low  frequency  parasitic-like 
rolloff.  In  this  case  it  cannot  be  attributed  to  device  parasitics  because  both  devices  had  been 
identically  processed.  To  ascertain  this,  the  parasitics,  including  the  bond  wire  inductance,  were 
extracted  from  the  Sn  parameter  measured  at  the  input  port  to  the  laser  mount,  and  in  addition 
the  series  resistance  was  measured  using  the  HP  4145B  semiconductor  parameter  analyzer.  The 
scries  resistance  of  the  devices  is  4  Q.  The  rolloff  frequency  due  to  the  device  parasitics  is  about 
25  GHz.  From  the  fit  to  the  low  frequency  rolloff  in  the  modulation  response  of  Sample  C,  the 
value  of  the  transport  time  is  determined  to  be  about  54  ps  for  the  3000  A  SCH  width. 

Fig.  5  shows  the  variation  of  the  -3  dB  modulation  bandwidth  with  the  square  root  of 
optical  power  for  Samples  B  and  C.  There  is  good  agreement  between  the  experiment  and  model 
over  a  large  range  of  optical  power,  and  the  model  accurately  predicts  the  discontinuity,  caused 
by  carrier  transport,  in  the  -3  dB  bandwidth  for  Sample  C.  The  value  for  E  is  taken  to  be  1.5  x 
10* 17  cm*3  throughout. 

Fig.  6  shows  the  experimental  variation  in  the  -3  dB  modulation  bandwidth  with  SCH 
width  at  different  power  levels.  These  data  are  from  Samples  A,  B  and  C.  The  optimum  SCH 
width  also  corresponds  roughly  to  the  point  at  which  the  optical  confinement  factor  is  a 
maximum.  For  a  narrow  SCH,  the  bandwidth  drops  off  due  to  decreasing  confinement  factor 
resulting  in  a  larger  threshold  gain  and  thus  a  lower  differential  gain.  At  larger  SCH  widths,  the 
combination  of  a  decreasing  confinement  factor  and  increasing  carrier  transport  time  across  the 
undoped  regions  of  the  SCH,  limits  the  modulation  bandwidth.  At  sufficiently  high  powers  for 
wide  SCH  devices,  the  characteristic  drop  due  to  carrier  transport  appears  in  the  modulation 
bandwidth  curve. 

The  variation  of  differential  gain  and  gain  compression  factor,  e,  with  SCH  width 
(Samples  A,  B  and  C)  was  obtained  from  the  modulation  response  as  well  as  the  relative 
intensity  noise  spectra  of  these  lasers.  As  shown  in  Fig.  7,  the  results  from  the  modulanon 
response  agree  with  the  data  extracted  from  the  noise  spectra  measurements.  Fig.  7  shows  that 
the  gain  compression  factor  slightly  increases  for  larger  SCH  widths,  but  given  the  scatter  in  the 
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data,  this  variation  of  e  with  SCH  is  not  significant,  and  this  variation  alone  cannot  explain  the 
severe  low  frequency  rolloff  in  Sample  C  with  the  widest  SCH  region. 

The  variation  of  the  differential  gain  extracted  from  the  modulation  response  and  noise 
spectra  measurements,  which  can  be  thought  of  as  an  effective  differential  gain,  is  in  contrast  to 
the  results  from  the  threshold  gain  measurements  which  predict  an 'increasing  differential  gain 
value  with  increasing  width  of  the  SCH  layer.  Sample  C  with  the  lowest  threshold  current 
density  has  the  lowest  effective  differential  gain.  This  is  again  due  to  carrier  transport  which 
reduces  the  differential  gain  from  g0  to  g^X-  This  reduction  in  the  differential  gain  is  also 
responsible  for  the  reduction  in  the  resonance  frequency  at  high  power  levels  in  Sample  C 
compared  to  Sample  A  (Fig.  4  (a)  compared  to  4  (b)). 

The  additional  low  frequency  rolloff  present  in  the  modulation  response  is  absent  in  the 
relative  intensity  noise.  For  large  values  of  carrier  transport  time  the  modulation  bandwidth 
could  be  severely  reduced,  although  the  K  factor  values,  which  are  affected  by  x  alone  and  not 
the  low  frequency  rolloff,  as  determined  from  the  noise  measurements  could  still  be  optimistic. 
It  is  generally  believed  that  the  noise  spectrum  measurement  is  a  parasitic  free  means  of 
determining  the  actual  or  potential  modulation  performance  of  a  laser.  In  the  presence  of 
significant  transport  effects  this  is  no  longer  true.  Conventionally,  the  maximum  possible 
modulation  bandwidth  in  a  semiconductor  laser  is  determined  by  the  K  factor.  In  principle,  if 
one  could  drive  the  laser  to  arbitrarily  high  output  power  levels  without  the  deteriorating  effects 
of  device  heating,  then  the  maximum  possible  -3  dB  bandwidth,  in  the  absence  of  device 
parasitics,  is  given  by  this  K  factor  limit.  In  the  presence  of  carrier  transport  effects,  the  K  factor 
is  not  only  reduced  due  to  the  reduction  in  the  effective  differential  gain,  but  also  no  longer 

determines  the  maximum  modulation  bandwidth,  even  in  an  otherwise  perfect  device. 

« 

Fig.  8  shows  the  modulation  response  and  noise  spectrum  calculated  using  at  a  power 
level  of  40  mW  for  a  SQW  laser  with  a  SCH  width  of  3000  A.  The  peak  of  the  noise  spectrum, 
which  is  a  good  indication  of  the  resonance  frequency  in  the  presence  of  small  damping,  occurs 
at  10.9  GHz  implying  a  maximum  possible  modulation  bandwidth  of  16J  GHz  at  that  power 
level.  This  is  clearly  a  wrong  conclusion  as  the  actual  bandwidth  limited  by  carrier  transport  in 
this  case  is  only  4.5  GHz. 

Fig.  9  shows  the  maximum  possible  modulation  bandwidth  as  a  function  of  SCH  width 
for  a  300  pm  cavity  length  SQW  laser.  The  dashed  line  shows  the  K  factor  limit  which  is 
commonly  inferred  from  noise  spectra  measurements.  The  bold  line  is  the  real  limit  determined 
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by  carrier  transport  across  the  SCH;  this  is  the  maximum  that  is  possible  before  the  low 
frequency  rolioff  due  to  transport  becomes  severe  enough  to  cause  a  sudden  drop  in  the  variation 
of  modulation  bandwidth  with  increasing  optical  power.  Herein  lies  the  real  danger  of  relying  on 
K  factors  and  RIN  measurements  to  predict  modulation  bandwidths.  A  small  K  factor  is  indeed 
an  indication  of  the  good  device  and  material  quality,  but  one  has  to  be  careful  as  to  the 
maximum  modulation  bandwidth  limits  implied  by  this  quantity.  One  can  truly  use  this  as  the 
limit  only  in  devices  where  the  carrier  transport  effects  are  minimal. 

2.4  Effect  of  Cavity  Length  and  Ridge  Width  Variation 

One  of  the  parameters  that  is  significant,  but  not  deliberately  considered  in  the  design 
process  is  the  gain  compression  factor,  £.  Despite  theoretical  predictions  that  £  is  enhanced  in 
quantum  well  lasers,  and  further  enhanced  by  the  presence  of  strain,  our  experimental  evidence 
suggests  to  the  contrary.  The  experimental  data  presented  in  Fig.  7  shows  that  the  gain 
compression  factor  does  not  vary  significantly  with  the  SCH  width.  Our  carrier  transport  model 
does  not  influence  £  at  all.  Fig.  10  shows  the  experimental  variation  of  the  gain  compression 
factor  with  cavity  length  for  SQW  and  MQW  lasers.  The  gain  compression  factor  is  lower  for 
shorter  cavity  lasers  and  lasers  with  smaller  number  of  wells.  In  this  case  the  lowest  value  of  £  is 
for  a  SQW  laser  of  200  y.m  cavity  length.  This  value  of  9.98  x  10*18  enr3  is  about  5  to  6  times 
lower  than  the  values  reported  for  MQW  lasers  operating  at  around  1.55  |im  wavelength.  The 
higher  values  of  gain  compression  for  MQW  lasers  and  lasers  with  longer  cavity  lengths  indicate 
that  this  nonlinearity  is  enhanced  by  increasing  quantum  confinement  of  the  carriers. 

Fig.  1 1  shows  the  experimental  and  theoretical  variation  of  modulation  bandwidth  with 
cavity  length  for  SQW  and  MQW  lasers.  This  data  has  been  extracted  from  Samples  F  and  G. 
The  parasitics  were  more  significant  in  this  set  of  devices,  and  the  RC  product  was  about  14.5  ps. 
The  effects  of  the  parasitics  have  been  deconvolved  from  the  experimental  data  presented  in  Fig. 
1 1.  The  SQW  lasers  exhibit  a  broad  maximum  for  the  cavity  length  dependence  of  modulation 
bandwidth  while  MQW  lasers  are  generally  more  sensitive  to  cavity  length  variations.  As  the 
cavity  length  is  reduced,  the  threshold  gain  increases  leading  to  a  decrease  in  the  differential 
gain.  This  is  balanced  by  the  reduction  in  the  photon  lifetime,  and  this  results  in  an  optimum 
cavity  length  for  the  maximum  modulation  bandwidth. 

Fig.  12  shows  the  variation  of  resonance  frequency  with  square  root  of  power  for  two 
150^m  long  3  QW  devices  (Sample  D)  that  differ  only  in  the  width  of  the  ridge  waveguide. 
One  of  the  drawbacks  of  a  ridge  waveguide  structure  for  high  speed  applications  is  the  lateral 
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carrier  diffusion  along  the  active  area.  This  carrier  diffusion  is  severe  for  wider  ridges,  and  is 
known  to  introduce  additional  damping  to  the  modulation  response.  From  Fig.  12,  the  device 
with  a  2.5  jam  wide  ridge  has  a  better  response  than  one  with  a  1.5  (im  wide  ridge.  Lateral 
carrier  diffusion  is  not  the  only  concern  when  designing  narrow  ridge  waveguide  lasers.  The  loss 
of  lateral  confinement  of  the  optical  mode  becomes  severe  for  narrow  ridges.  This  leads  to  an 
increase  in  the  threshold  current  as  the  ridge  width  is  reduced  below  about  2  pm  (see  Fig.  2). 
Another  area  of  concern  is  the  poor  thermal  dissipation  in  narrow  ridge  waveguide  lasers.  These 
constraints  lead  to  optimum  ridge  width  of  about  2.5  pm  for  the  best  modulation  performance. 

2.5  Carrier  £scape  from  the  Quantum  Well 

The  experimental  data  for  the  dependence  of  the  high  speed  parameters  on  the  thermionic 
emission  time  is  obtained  from  two  samples  with  different  energy  barriers  in  the  SCH;  Sample  D 
with  Alo.15Gao.85 As  SCH  and  Sample  E  with  GaAs  SCH.  Fig.  13  shows  the  variation  of  the 
resonance  frequency  with  the  square  root  of  power  obtained  from  the  modulation  response  data 
for  the  two  cases  considered  here.  The  resonance  frequency  for  the  MQW  laser  with 
Alo.i5Gao.85 As  SCH  (higher  barrier  and  hence  a  longer  thermionic  emission  time)  is  almost 
twice  that  of  the  laser  with  GaAs  SCH  at  equivalent  power  levels.  The  differential  gain  for 
Sample  D  is  more  than  2.5  times  that  of  Sample  E.  The  gain  compression  coefficient,  e,  for  both 
cases  is  about  the  same.  Both  devices  have  a  205  pm  long  cavity  and  a  2  pm  wide  ridge. 

The  larger  differential  gain  in  the  case  of  Sample  D,  with  Alo.15Gao.85As  SCH,  is 
surprising  considering  that  it  had  a  larger  threshold  gain,  due  to  a  larger  internal  loss  and  a 
smaller  optical  confinement  factor.  Consequently,  due  to  gain  saturation  in  quantum  well  lasers 
it  is  expected  to  have  a  lower  differential  gain.  This  result  is  consistent  with  the  carrier  transport 
model  which  attributes  pan  of  this  discrepancy  to  the  reduction  in  the  effective  or  dynamic 
differential  gain  in  Sample  E  due  to  an  increase  in  %  caused  by  a  reduction  in  tc.  Further,  the 
lower  energy  barrier  and  the  larger  density  of  states  in  SCH  of  Sample  E,  leads  to  a  severe 
carrier  overflow  thereby  causing  a  much  slower  rise  in  the  quasi-Fermi  levels  under  carrier 
injection.  This  reduces  the  differential  gain  even  under  static  operating  conditions. 

Fig.  14  shows  the  modulation  response  of  the  laser  sample  optimized  using  the  model 
developed  here.  This  device  which  has  a  150  jam  long  cavity  and  a  2.5  4m  wide  ridge,  is  from 
Sample  D  which  has  3  QWs  and  an  Alo.15Gao.85 As  SCH.  The  maximum  -  3  dB  modulation 
bandwidth  is  about  22  GHz.  The  device  is  presently  thermally  limited.  The  performance  can  be 
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improved  by  having  a  lower  internal  loss  in  the  material  (see  Table  1)  which  would  lead  to  better 
external  quantum  efficiencies,  and  larger  output  powers  at  lower  operating  current  levels. 

2.6  Effects  of  Carrier  Transport  on  Injection  Efficiency  and  Chirping 

Although  initially  the  effects  of  carrier  transport  processes  were  exclusively  studied  in 
relation  to  the  modulation  dynamics  in  quantum  well  lasers,  in  a  more  recent  publication  we  have 
established  that  these  transport  times  also  profoundly  affect  the  static  properties,  like  the  internal 
and  injection  efficiency,  of  quantum  well  lasers.  Generally,  there  is  some  confusion  as  to  the 
usage  of  the  term  internal  quantum  efficiency  with  respect  to  light  emitting  devices.  In  this 
paper,  we  define  the  quantum  efficiency  or  the  internal  efficiency,  ifo* ,  of  a  light  emitting  device 
to  be  the  fraction  of  the  total  injected  current  that  radiatively  recombines  to  produce  light  output. 
This  is  the  overall  efficiency  of  the  device.  The  injection  efficiency,  T]inj,  on  the  ether  hand 
refers  to  the  total  fraction  of  the  injected  current  that  flows  into  the  active  region  above  threshold. 
There  is  no  distinction  made  in  the  latter  definition  between  the  radiative  and  non-radiative 
current  components  in  the  active  region. 

Using  our  carrier  transport  model,  the  analytic  expressions  for  the  injection  efficiency  and 
the  internal  efficiency  are  derived  as, 

1 

flint  ~ 


flut) 


In  the  equation  above  tT  is  the  transport  time  across  the  SCH,  xe  is  the  effective  thermionic 
emission  time  out  of  the  quantum  well,  (3  is  the  spontaneous  emission  feedback  factor,  r.  is  the 
gain  compression  factor,  T&  is  the  total  recombination  lifetime  in  the  confinement  and  barrier 
regions,  xn  is  the  bimolecular  recombination  lifetime,  xw  is  die  non-radiative  recombination 
lifetime  in  the  quantum  well  active  area,  and  Nw  is  the  carrier  number  in  the  quantum  well  active 
area.  Here,  we  have  introduced  a  term  called  the  'clamping'  efficiency,  T\clamp  = 
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d(Nw0ltn)ld(l0!q)  which  is  the  measure  of  how  much  the  carrier  density  in  the  active  area  varies 
with  injected  current  above  threshold. 

Fig.  15  shows  the  variation  of  both  the  internal  and  injection  efficiencies  with  the  width 
of  the  SCH  structure.  For  this  calculation  we  have  taken  TJclamp  to  have  a  constant  value  of  8%. 
This  value  for  r\ciamp  gives  an  upper  limit  of  little  over  90%  for  77i/i>  which  is  about  the 
maximum  we  have  experimentally  observed  in  our  MQW  and  SQW  devices. 

From  Fig.  16  it  can  also  be  seen  that  the  internal  efficiency  is  a  strong  function  of  the 
carrier  confinement  energy  while  the  injection  efficiency  is  only  a  little  degr  Jed  for  the  lowest 
carrier  confinement  energies,  i.e.  for  GaAs  in  the  SCH.  This  apparent  insensitivity  of  the 
injection  efficiency  is  due  to  the  constant  value  of  8%  assumed  for  rjc/amp  The  t]clamp  term 
should  in  principle  also  be  a  function  of  the  confinement  energy.  We  have  not  included  this  in 
our  calculations. 

The  ridamp  term  usually  has  some  finite  value  mainly  because  of  carrier  heating,  which 
causes  a  decrease  in  the  gain  with  an  increase  in  the  injected  current.  This  leads  to  a 
corresponding  increase  in  the  carrier  density  to  maintain  the  original  level  of  gain  which  is 
required  to  overcome  the  fixed  losses  in  the  laser.  Another  reason  for  the  increase  in  carrier 
density  in  the  active  area  with  injected  current  above  threshold  is  the  variation  in  the  lateral  mode 
profile  either  from  a  transition  to  higher  order  lateral  modes  which  have  larger  gain  thresholds  or 
an  expansion  of  the  width  of  lasing  region  above  threshold  due  to  current  spreading.  Since  most 
of  the  Tjjxj  measurements  are  made  on  broad  area  lasers  or  in  lasers  with  wide  ridge  (50  pm  as  in 
our  case)  waveguide  structures,  the  lateral  mode  variation  under  current  injection  may  be  the 
more  significant  factor.  This  will  be  aggravated  in  the  case  of  lasers  with  severe  carrier  transport 
problems,  because  the  enhanced  carrier  density  variation  in  the  SCH  region  leads  to  an  increase 
in  the  lateral  current  spreading  component. 

Carrier  transport,  especially  carrier  density  variation  in  the  SCH  region,  also  has  a 
significant  impact  on  the  wavelength  chirping  of  high  speed  quantum  well  lasers  under  current 
modulation.  In  lasers  with  bulk  active  areas  or  in  lasers  with  large  optical  confinement  factors 
one  needs  to  compute  only  the  index  variation  due  to  changes  in  carrier  density  in  the  active  area 
to  determine  the  wavelength  chirp.  In  quantum  well  lasers,  which  generally  have  fairly  small 
optical  confinement  factors,  carrier  density  variations  and  hence  the  index  changes  in  the 
confinement  regions  become  important. 
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In  this  analysis  of  wavelength  chirping,  the  a  parameter  is  written  in  terms  of  an  effective 
mode  index  as, 

dn'lffldN 
modal  Bn"tff/BN 


where  the  real  and  the  imaginary  components  of  the  effective  index  of  refraction  are  given  by 

n'efl rand  n"eff.  The  definition  in  terms  of  the  effective  index  quantities  is  consistent  because  both 

n'eff  and  n"effdit  evaluated  with  respect  to  the  same  mode  overlap  integrals.  The  gain,  g,  and  the 

imaginary  part  of  the  index  of  refraction  are  related;  g= — n",  where  A  is  the  emission 

A 

wavelength  of  the  laser.  In  terms  of  the  effective  index,  this  is  written  a s,  Tg  =  —  ri'eff,  where  F 
is  the  optical  confinement  factor.  Thus,  the  change  in  the  effective  gain  and  the  real  part  of  the 
index  of  refraction  (from  here  onwards  called  just  the  index)  are  related  via  an  effective  a  which 
is  true  only  for  the  particular  optical  mode.  Since  the  optical  mode  is  generally  different  for 
different  laser  structures,  this  a  parameter  is  structure  dependent.  We  have  called  this  the  modal 
a.  Although  the  a  as  originally  derived  is  purely  a  material  parameter,  the  ctmodal  defined  here  is 
affected  by  the  structure  dependent  carrier  transport  parameters. 

Using  the  carrier  transport  model,  the  final  expression  for  a^yaoi  is. 
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where  g0  is  the  differential  gain,  Nwo  is  the  steady  state  carrier  density  in  the  quantum  well,  and 
Nbo  the  steady  state  carrier  density  in  the  SCH  region.. 

Fig.  17  shows  the  variation  of  a„odal  with  the  width  of  the  SCH.  For  a  given  carrier 
confinement  energy  in  the  SCH,  laser  structures  with  wide  SCH  regions  have  a  larger  amount  of 
wavelength  chirping.  This  translates  into  a  higher  FM  efficiencies  in  lasers  with  wider  SCH 
region.  This  trend  has  also  been  experimentally  obseive.  Wavelength  chirping  is  also  a  sensitive 
function  of  the  optical  confinement  factor.  The  MQW  lasers  with  larger  optical  confinement 
factors  have  lower  amounts  of  wavelength  chirping  under  current  modulation.  The  increase  in 
the  amount  of  chirp  with  the  SCH  width  is  due  primarily  to  the  increase  in  the  carrier  transport 
time  which  is  proportional  to  the  square  of  the  SCH  width,  and  the  decrease  in  the  optical 
confinement  factor. 
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Laser  structures  with  lower  carrier  confinement  energies  in  the  SCH  layers  also  have 
larger  <Xmodal>  and  hence,  larger  amounts  of  wavelength  chirping  under  current  modulation.  As 
shown  in  Fig.  18,  Ino.2Gao.8As/GaAs  lasers  require  A1  mole  fractions  of  at  least  15%  for  the 
wavelength  chirping  to  reach  its  minimum  value.  Here  again  MQW  lasers  have  a  lower  amount 
of  wavelength  chirping  compared  to  SQW  lasers.  The  variation  of  differential  gain  with  carrier 
confinement  energy,  which  is  required  as  an  input  to  the  calculations,  was  theoretically 
calculated  considering  valence  band  mixing  effects.  This  calculation  also  considered  carrier 
occupation  in  the  SCH  region  under  bandfilling  and  carrier  overflow  effects. 

MQW  lasers  have  lower  wavelength  chirp  under  modulation  only  in  the  case  where  the 
carrier  transport  effects  arc  severe,  and  the  contribution  of  the  carrier  confinement  regions  to  the 
total  index  change  with  change  in  carrier  density  is  dominant.  In  general,  when  the  carrier 
transport  effects  are  minimal,  the  variation  of  wavelength  chirp  with  the  number  of  quantum 
wells  is  somewhat  more  complicated.  This  is  because  the  increase  in  the  optical  confinement 
factor  is  not  linear  in  the  number  of  quantum  wells,  and  due  to  gain  saturation  in  quantum  well 
lasers,  the  increase  in  the  differential  gain  for  MQW  lasers  is  not  linear  with  the  optical 
confinement  factor. 
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Width  of  one  side  of  SCH  layer 

Lw 

Width  of  quantum  well 

r 

Optical  confinement  factor 
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Minimum  threshold  current  density 
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total  internal  loss 

Hi 

internal  quantum  efficiency 

#QWs 

Number  of  Quantum  Wells 

SCH  Comp 

SCH  Composition 

Table  1 

Material  quality  of  the  wafers  considered  in  this  study. 

In  Mole  Fraction 

Top  Contact  Polyimide  0.2  0.0 


Fig.  1  Polyimide  buried  ridge  waveguide  laser. 
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Fig.  2  Variation  of  threshold  current  with  ridge  width  for  170  pm  cavity  length  3  QW  device  (Sample  G). 


Temperature  (K) 

Fig.  3  Variation  of  threshold  current  with  temperature  for  two  SQW  laser  samples.  Sample  C  has  a  300  tun 
long  cavity  and  2JS  tun  wide  ridge.  Sample  F  has  a  200  tun  long  cavity  and  2.0  |un  wide  ridge. 


19 


Response  <dB)  Response  (dB) 


Rome  Laboratories  Contract  ttF19628-89-K-0042:  Final  Report,  Section  2 


Frequency  (GHz) 

10 

6 

2 

-2 


-6 

-10 

0  2  4  6  8  lo  12  14  16 

Frequency  (GHz, 

Fig.  4  C.W.  modulation  response  for  the  narrow  SCH  Sample  A,  compared  to  the  wide  SCH  Sample  C.  The 
significant  rolloff  in  the  modulation  response  and  the  shift  in  the  position  of  the  resonance  peak  to  lower 
frequencies  at  comparable  powers  in  Sample  C  is  doe  to  the  carrier  transport  across  the  SCH  region. 
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Frequency  (GHz) 


Fig.  8  Comparison  of  the  noise  spectrum  and  the  modulation  response  for  the  same  device  parameters.  The 
noise  spectrum  indicates  a  much  larger  modulation  bandwidth  than  is  physically  possible. 
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Fig.  9  Comparison  of  maximum  possible  modulation  bandwidth  infened  from  the  modulation  response  and 
intensity  noise  measurements. 


Cavity  Length  (^m) 


Fig.  10  Variation  of  the  gain  compression  factor  with  cavity  length  for  MQW  and  SQW  lasers. 
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35 


Fig.  1 1  Comparison  of  the  calculated  and  measured  variation  in  modulation  bandwidth  with  cavity  length  for 
SQW  and  MQW  lasers. 
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Power1*  (mW1*) 


Fig.  13  Dependence  of  the  resonance  frequency  on  the  square  root  of  power  for  the  MQW  samples  with  a  higher 
(Alo  i jGao.t]As)  and  lower  (GaAs)  energy  barrier  in  the  SCH. 


0  4  8  12  16  20 

Frequency  (GHz) 

Fig.  14  Modulation  response  for  a  3  QW  sample  with  ISO  pm  cavity  length,  2.5  pm  ndge  width  and 
*10.150*0.85**  SCH. 
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Width  of  Confinement  Layer  (A) 

Fig.  15  Variation  of  the  laser  internal  and  injection  efficiencies  as  a  function  of  the  SCH  width.  The  calculation 
is  done  for  a  SQW  structure  with  a  80  A  well  width  and  a  10%  A1  mole  fraction  in  the  SCH. 


0.00  0.05  0.10  0.15  0.20  0.25 

A1  Mole  Fraction  in  the  SCH 

Fig.  16  Variation  of  the  laser  internal  and  injection  efficiencies  with  carrier  confinement  energy  in  the  SCH.  The 
calculation  is  also  done  for  a  SQW  structure  with  a  1000  A  wide  SCH. 
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Fig.  17 


Variation  of  the  modal  a  parameter  with  carrier  confinement  energy  in  the  SCH  for  SQW  and  MQW 


laser  structures.  The  calculation  is  done  for  a  1000  A  wide  SCH. 


Width  of  Confinement  Layer  (A) 


Fig.  18  Variation  of  the  modal  a  parameter  as  a  function  of  the  SCH  width  for  SQW  end  MQW  laser  structures. 
The  calculation  is  done  for  10%  Al  tnoie  fraction  in  the  SCH. 
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3.1  Introduction 

The  conduction  band  offset  of  the  (Al,In)As/(Ga,In)As  lattice  matched  to  InP  is  0.5  eV, 
relatively  large  compared  to  the  0.22  eV  of  the  InP/(Ga,In)As  heterojunction.  A  large  conduction 
band  offset  is  advantageous  in  quantum  well  lasers  for  confining  the  light  effective  mass  electrons. 
Also,  the  all-arsenide  (Al,Ga,In)As  system  can  be  grown  directly  on  a  InP  substrate  by 
conventional  solid  source  molecular  beam  epitaxy  (M5E)  with  excellent  thickness  control  and 
uniformity,  which  are  favorable  for  the  growth  of  thin  (<100  A)  quantum  well  structures. 
Motivated  by  the  above  advantages,  we  begun  our  work  on  (Al,Ga,In)As  quantum  well  lasers  on 
InP  in  the  Fall  of  1989.  The  following  paragraphs  give  the  highlights  of  our  investigation,  broken 
down  into  three  sections:  Material  Growth  and  Characterization,  Broad  Area  Laser  Results,  and 
Ridge  Laser  Results. 

3.2  Material  Growth  and  Characterization 

Initially,  efforts  focused  on  optimizing  the  MBE  growth  of  (Al,In)As  and  (Ga,In)As  alloys 
on  InP  substrates.  Precise  and  reproducible  flux  control  (<  ±3%)  is  required  to  grow  device 
quality  alloys  (A a/a  <  ilO-4)  lattice  matched  to  the  InP  substrate.  In  order  to  meet  these  stringent 
requirements,  we  coupled  MBE  in-situ  reflection  high  energy  electron  diffraction  (RHEED) 
measurements  with  post-growth  high  resolution  x-ray  diffraction  (HRXD)  measurements  to 
determine  optimal  growth  conditions.  The  RHEED  measurements  allow  us,  prior  to  the  growth,  to 
reproducibly  measure  the  Group  III  flux  rates  which  determine  the  subsequent  alloy  composition. 
Post-growth  HRXD  measurements  enable  us  to  correlate  the  flux  measurements  with  resulting 
alloy  composition.  This  technique  of  using  RHEED  in  fine  tuning  the  Group  III  fluxes  has 
enabled  us  to  routinely  achieve  lattice  matching  to  Aa/a  <  ilO4. 

Excellent  optical  properties  were  observed  in  lattice-matched  ternary  layers  using  low 
temperature  1.4  K  photoluminescence  (PL).  As  shown  in  Fig.  1,  a  respectable  FWHM  of  4.1 
meV  for  (Ga,In)As  was  measured.  For  (Al,In)As  layers,  FWHMs  of  13  meV  are  observed  which 
is  relatively  narrow  compared  to  the  literature  values  for  this  alloy.  Quantum  well  structures  for  PL 
study  have  been  grown  as  shown  in  Fig.  2.  As  can  be  seen  in  Fig.  3,  state-of-the-art  FWHMs  are 
observed  for  the  540  °C  substrate  temperature,  disregarding  the  140  A  well  due  to  lack  of  a 
superlattice  buffer. 

In  order  to  optimize  the  waveguide  design  of  a  laser,  knowledge  of  the  refractive  index  is  a 
necessity.  However,  prior  to  our  work,  little  data  existed  on  the  refractive  index  data  of  the 
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(Al,Ga,In)As  system  in  the  literature.  Hence,  we  undertook  the  task  of  determining  the 
wavelength  and  compositional  dependence  of  the  refractive  index  of  the  (Al,Ga,In)As  system.  We 
used  a  reflection  interference  technique  which  extracts  the  refractive  index  difference  between  an 
single  epilayer,  i.e.  (Al,Ga,In)As  layer  and  its  underlying  InP  substrate.  Growing  a  number  of 
samples  of  various  compositions  via  our  RHEED  calibration  technique,  we  were  able  to  measure 
the  refractive  index  difference  relative  to  the  well-known  InP  index.  As  shown  in  Fig.  4,  the  index 
of  (Al,Ga,In)As  is  actually  greater  than  that  of  InP,  contrary  to  what  would  be  expected  from 
traditional  bandgap  relationships.  The  data  shows  a  reasonable  trend  between  the  (Ga,In)As  and 
(Al,In)As  endpoints  and  has  been  empirically  fitted  as  a  function  of  wavelength  and  composition. 
This  data  enabled  us  to  design  optimal  waveguide  structures  for  separate  confinement  lasers  as 
described  in  the  next  section. 

3.3  Broad  Area  Laser  Results 

The  use  of  strained  quantum  wells,  both  ternary  and  quaternary,  have  yielded  state-of-the- 
art  results  with  respect  to  threshold  current  density  and  internal  losses  at  1.55  pm.  Using  the 
waveguiding  structure  in  shown  in  Fig.  5,  we  have  fabricated  50  pm  wide  mesa  etched  broad  area 
lasers.  The  etched  mesa  helps  to  minimize  current  spreading  effects  due  to  the  top  cladding  and 
cap  layers  which  obscure  comparisons  between  different  laser  structures.  Two  different  active 
regions  were  used  in  this  study  shown  in  Fig.  6.  One  active  region  was  a  homogenous  ternary 
alloy  of  (GaJn)As  with  three  35  A  wells.  The  other  active  region  consisted  of  three  100  A 
(Al,Ga,In)As  quantum  wells.  The  quaternary  well  material  allows  an  extra  degree  of  design 
freedom  since  the  well  width  and  layer  strain  can  be  varied  while  maintaining  a  1.55  pm  transition 
energy.  As  can  be  seen  in  Fig.  7,  both  laser  structures  exhibited  relatively  low  losses  of  <10  cm*1, 
better  than  previously  reported  for  MBE  grown  (Al,Ga,In)As  lasers.  Threshold  current  densities 
as  shown  in  Fig.  8  were  also  lower  than  any  other  MBE  reports,  with  threshold  current  densities 
as  low  as  530  A/cm2  measured  for  the  strained  quaternary  laser.  The  reduced  threshold  current 
density  resulting  from  the  quaternary  quantum  well  is  attributed  to  improved  carrier  collection  of 
the  wider  quantum  well,  evident  from  the  larger  injection  efficiency  77/. 

“Digital  alloys”  or  short  period  supcrlattices  of  (Al,In)As/(Ga,In)As  have  been  incorporated 
into  laser  structures.  Digital  alloys  can  improve  composition  control  as  well  as  minimize  growth 
complexity  of  quaternary  and  graded  layers  for  GRINSCH  structures  due  to  the  elimination  of 
source  temperature  changes.  Using  the  GRINSCH  structure  in  Fig.  9  with  single  and  multiple 
quantum  well  active  regions  of  homogenous  (Al,Ga,In)As  strained  100  A  quantum  wells,  broad 
area  lasers  were  fabricated.  Extremely  low  losses  of  2  and  3  cm*1  were  observed  as  shown  in  Fig. 
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10,  the  best  ever  reported  for  (Al,Ga,In)As  and  very  competitive  to  the  best  for  any  1.55  pm  laser. 
The  threshold  current  density  as  low  as  290  A/cm^  was  measured  for  the  single  quantum  well  also 
a  record  low  for  MBE  grown  (Al,Ca,In)As  as  shown  in  Fig.  11.  Interface  smoothing  and 
impurity  trapping  effects  of  the  superlattice  prior  to  the  growth  of  the  single  quantum  well  are 
believed  to  be  the  key  for  achieving  the  record  low  threshold  current  density.  Our  previous 
attempts  at  single  quantum  well  laser  using  homogenous  alloys  fail  to  lase.  However,  the  three 
quantum  well  structure  exhibited  minimal  improvement  in  threshold  current  density  or  differential 
quantum  efficiency  due  to  a  reduction  in  the  injection  efficiency  rjj.  Enhanced  superlattice 
recombination  is  speculated  to  be  responsible  for  the  degradation  in  carrier  transport  properties. 
Further  investigation  in  evaluating  the  trade-off  of  the  digital  alloys  is  currently  in  progress. 

3.4  Ridge  Laser  Results 

Narrow  ridge  lasers  have  been  fabricated  from  the  homogenous  alloy  quaternary  material 
using  a  polyimide  isolation.  The  L-I  of  a  2x400  pm  ridge  laser  in  Fig.  12  shows  that  the  broad 
area  results  do  scale  with  the  reduced  geometry  with  a  threshold  current  of  20  mA  and  differential 
efficiency  of  31%  per  facet  observed.  RIN  measurements  on  the  same  device  yielded  the  square 
root  of  output  power  versus  resonance  frequency  plot  in  Fig.  13.  From  slope  of  the  plot,  we 
estimate  a  differential  gain  of  2.9  xlO'16  cm2  for  this  non-optimized  structure.  Comparing  this 
value  of  differential  gain  to  other  published  three  quantum  well  structures  at  1.55  pro,  our  value  is 
comparable  to  the  best  reported  for  only  three  wells.  Higher  differential  gains  as  well  as  resonance 
frequencies  are  expected  for  multiple  quantum  well  strained  (Al,Ga,In)As  lasers  which  arc 
optimized  for  high  speed  operation,  i.e.  8-10  quantum  wells. 

We  have  developed  a  state-of-the-art  technology  for  the  MBE  growth  of  (Al,Ga,In)As  on 
InP.  Device-quality  (Al,Ga,In)As  alloys  can  be  controllably  grown  with  excellent  reproducibility. 
We  have  demonstrated  record  low  threshold  current  densities  and  low  waveguide  losses  at  1.55 
pro  in  broad  area  lasers  grown  by  MBE  using  strained  quaternary  (Al,Ga,In)as  quantum  wells. 
Narrow  ridge  lasers  operating  CW  at  room  temperature  with  threshold  current  as  low  as  20  mA 
have  been  measured.  Although  no  high  speed  measurements  were  performed,  RIN  data  suggest 
that  high  performance  devices  are  possible  using  (Al,Ga,In)As  strained  quantum  well  in  the  active 
regions. 
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Fig.  1  1.4  K  Photoluminescence  of  MBE  grown  (GaJn)As  cpilaycr  on  InP. 


Fig.  2  Four  (GaJn)As  quantum  wells  with  (AiJn)As  bimen  grown  at  a  substrate  temperature  of  540  *C. 
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1  Photoluminc sconce  from  the  quantum  well  structure  of  Fig.  2. 


Fig. 4  Refractive  indices  of  the  quaternary  alloy  (Alo.4|Ino.52As)x(Gao.47lno.5jAs)|.x  as  a  function  of 
wavelength  and  composition  'X* 
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Fig.  5  Separate  confinement  laser  structure  using  homogenous  alloys  for  wavegusding  regions.  Active  regions 
are  detailed  in  Fig.  6. 
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Fig.  6  Ternary  and  quaternary  active  regions  used  in  laser  structure  of  Fig.  5. 
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Fig.  7 


Cavity  Length  (jim) 


Differential  quantum  efficiencies  measured  under  pulsed  conditions  (600  ns  at  10  kHz)  at  room 
temperature. 


Fig.  8  Pulsed  (600  ns  at  10  kHz)  threshold  current  densities  measured  at  room  temperature. 
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Fig.  9  "Digitally  Graded"  GRINSCH  laser  structure.  Active  region  consisted  of  either  a  single  or  three  100  A 
(Al,GaJn)As  strained  quantum  well(s). 


Fig.  10  Differential  quantum  efficiencies  of  "Digitally  Graded*  GRINSCH  tr  sen  measured  under  pulsed 
conditions  (600  ns  a'  10  kHz)  at  room  temperature. 
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Fig.  1 1  Pulsed  (600  ns  at  10  kHz)  threshold  current  densities  of  "Digitally  Graded'  GRINSCH  lasers  measured 
at  room  temperature. 


Fig.  12  CW  L-I  of  2  x  400  pn  ridge  laser  using  three  100  A  strained  (Al,GaJn)As  quantum  wells  with 
homogenous  alloy  waveguide  measured  at  room  temperature. 
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Fig.  13  Resonance  frequency  determined  from  RIN  measurements  as  a  function  of  the  square  root  of  output 
power  using  the  device  in  Fig.  12. 
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4.1  Introduction 

During  the  this  three-year  program,  we  have  developed  the  GSMBE  techniques  for  growth 
of  high  quality  InxGai.xAsyPi.y  and  delivered  to  UCSB  44  custom-designed  InGaAsP/InP 
heterostructures  for  fabrication  into  lasers  and  other  optoelectronic  devices  We  have  obtained  high 
reflectivity  distributed  Bragg  reflectors  using  alternating  epitaxial  layers  of  InGaAsP  and  InP  at  the 
wavelengths  of  1.31  and  1.55  pm.  GSMBE  InGaAsP  material  has  been  used  for  fabrication  of 
both  edge  emitting  and  vertical  cavity  surface  emitting  lasers.  In  addition,  we  have  obtained 
record- setting  performance  in  high  speed  InGaAs/InP  pin  photodetectors. 

Heteroepitaxial  structures  of  the  quaternary  alloy  InxGai.xAsyPi.y  lattice  matched  to  InP 
arc  widely  used  in  optoelectronic  devices  operating  in  the  1.0  to  1.6  pm  wavelength  range.  Precise 
control  of  alloy  composition  is  needed  for  optimum  device  performance;  in  particular  the  growth 
of  epitaxial  minors  using  distributed  Bragg  reflectors  (DBR)  requires  accurate  control  of  both  alloy 
composition  and  layer  thickness  to  obtain  high  reflectivity  at  the  desired  operating  wavelength.  A 
DBR  consists  of  alternating  layers  of  InGaAsP  and  InP,  each  layer  a  quarter  wavelength  in 
thickness,  with  a  sufficient  number  of  layers  to  obtain  high  reflectivity  at  wavelengths  where  the 
InGaAsP  is  transparent.  DBR  are  key  components  in  surface  emitting  lasers  and  reflection-mode 
optical  modulators,  and  InGaAsP/InP  DBR  have  been  recently  reported  with  a  reflectivity  of  98% 
at  a  wavelength  of  1.49  pm  [1]  and  approximately  100%  at  1.54  pm  [2].  As  the  wavelength  is 
reduced,  the  InGaAsP  composition  must  be  moved  closer  to  that  of  InP,  the  difference  in  the  index 
of  refraction  between  InGaAsP  and  InP  decreases,  and  it  becomes  increasingly  difficult  to  obtain  a 
high  reflectivity  mirror.  In  this  report,  we  describe  in  detail  the  results  of  a  study  of  the  control  of 
InGaAsP  alloy  composition  during  gas-source  MBE  growth  and  demonstrate  high  reflectivity 
InGaAsP/InP  mirrots  at  wavelengths  of  1.3  and  1.55  pm. 

Epitaxial  Growth 

Nominally  lattice-matched  films  were  grown  on  ( 100)  oriented  InP  substrates  which  were 
degreased  and  then  etched  in  a  solution  of  before  loading  in  the  MBE  system. 

The  growth  temperature  was  approximately  500'C.  The  In  and  Ga  molecular  beams  were 
provided  by  conventional  effusion  cells  and  As2  and  P2  molecular  beams  were  produced  by 
thermal  decomposition  of  100%  ASH3  and  100%  PH3,  respectively,  at  900’C  in  a  single  low- 
pressure  gas  cracking  oven  of  all  Ta  construction. 

As  shown  in  Fig.  1(a),  the  feedstock  gases  PH3  and  ASH3  were  mixed  before  entering  the 
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MBE  system  in  a  gas  manifold,  a  technique  which  is  based  on  the  work  of  Panish  and  Sumski  [3]. 
The  flow  rate  F  of  each  gas  was  controlled  by  adjusting  the  pressure  P  against  the  conductances  G 
and  kG  of  the  tubing  in  gas  mixing  manifold  No  mass  flow  controllers  were  used.  Under  normal 
operating  conditions,  the  total  flow  rate  F1+F2  is  approximately  a  linear  function  of  the  total  inlet 
pressure  P1+P2,  as  long  as  the  pressure  at  node  N  is  larger  than  the  smaller  of  Pj  or  P2.  On  the 
other  hand,  the  flow  ratio  F1/F2,  which  controls  the  group- V  composition  of  the  epitaxial  film,  is  a 
nonlinear  function  of  the  pressure  ratio  P2/P1.  For  our  gas  manifold,  the  conductance  ratio  k  is 
about  2.0  and  the  calculated  dependence  of  F1/F2  on  P1/P2  is  shown  in  Figure  1(b)  along  with  the 
operating  points  for  three  different  InGaAsP  compositions.  With  this  system,  we  can  easily 
control  flow  ratios  as  high  as  15:1  with  better  than  ±0.4%  reproducibility  at  a  total  flow  rate  of  10 
seem. 


InGaAsP  films  of  1-2  pm  thickness  with  compositions  corresponding  to  bandgap  emission 
at  wavelengths  from  1.1  to  1.6  pm  were  grown  over  a  range  of  V/III  flux  ratios.  Room 
temperature  photoluminescence  (PL)  and  double  crystal  x-ray  (DCXR)  diffraction  were  used  to 
determine  the  bandgap,  lattice  mismatch,  and  alloy  composition  [4].  The  results  are  summarized  in 
Figure  2,  where  the  filled  circles  represent  the  measured  bandgap  wavelength  as  a  function  of  the 
fraction  of  PH3  in  the  total  gas  flow  and  the  solid  curve  is  the  bandgap  wavelength  as  a  function  of 
phosphorous  content  in  the  film  [4],  At  each  data  point  the  In  mole  fraction  x  was  chosen  to 
provide  a  lattice  mismatch  of  £  2x1  O'3.  Also  shown  in  Fig.  2  are  the  GSMBE  data  of  Lambert  et 
al.  [5]  along  with  data  for  growth  at  555'C  by  chemical  beam  epitaxy  (CBE)  [6]  and  at  620*C  by 
low  pressure  metalorganic  chemical  vapor  deposition  (MOCVD)  [7],  all  of  which  also  used  ASH3 
and  PH3  for  the  group-V  source  gases.  Most  of  the  experimental  points  lie  above  the  solid  curve 
indicating  that  As  is  more  readily  incorporated  than  P  during  InGaAsP  growth,  regardless  of  the 
growth  technique.  For  films  in  the  equivalent  composition  range  of  1.0- 1.4  jam,  our  GSMBE  data 
and  that  of  Lambert  et  al.  [5]  appears  to  indicate  a  somewhat  larger  ratio  of  the  As-to-P  sticking 
coefficients  than,  for  CBE  but  a  considerably  smaller  ratio  than  for  MOCVD.  For  our  GSMBE 
growths,  the  maximum  value  of  the  AS2/P2  sticking  coefficient  ratio  was  found  to  be 
approximately  6:1.  Thus  the  AsH3:PH3  flow  ratio  was  easily  controlled  over  the  entire  InGaAsP 
composition  range  by  using  the  pressure  control  system  of  Fig.  1.  This  was  demonstrated  by 
reproducibly  obtaining  a  lattice  mismatch  of  less  than  5  x  10-4  with  a  deviation  of  less  than  10  nm 
at  the  intended  bandgap  wavelength  of  1.15  Jim.  Furthermore,  the  InGaAsP  layers  were  of  high 
quality  as  evidenced  by  (400)  DCXR  linewidths  as  small  as  21  arcsec  for  a  2  pm  thick  film  and 
satellite  peak  widths  as  small  as  13  arcsec  in  a  20  period  InGaAsP(1.15pm)/InP  superlattice. 
Room  temperature  PL  spectra  exhibited  intense  peaks  with  full  width  at  half  maximum  (FWHM) 
widths  typically  50  to  80  meV  (see  Fig.  4).  At  an  equivalent  composition  of  1.39  pm,  low 
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temperature  PL  spectra  exhibited  band-to-band  emission  with  a  FWHM  of  4.6  meV,  similar  to 
InGaAsP  grown  by  CBE  [6].  Unintentionally  doped  InGaAsP  films  were  n-type  with  electron 
concentrations  of  (l-3)xl016  cm* 3. 

The  incorporation  of  As  and  P  was  found  to  be  a  function  of  the  V/III  ratio  during  GSMBE 
growth.  Figure  4  shows  the  measured  As  mole  fraction  y  as  a  function  of  the  estimated  V/in  flux 
ratio  for  three  different  InGaAsP  samples.  The  data  in  Fig.  3  was  obtained  by  keeping  the 
substrate  temperature,  In/Ga  flux  ratio,  and  AS2/P2  flux  ratio  constant  and  increasing  the  total  gas 
flow  in  steps  during  the  GSMBE  growth.  No  measurable  effect  was  found  on  the  In  mole  fraction 
x.  As  seen  in  Fig.  3,  y  increases  with  the  V/III  flux  ratio  and  the  effect  of  the  V/III  flux  ratio  on  y 
decreases  as  the  nominal  As  content  increases,  with  no  discemable  effect  at  y  =  0.8  (i.e., 
equivalent  composition  of  1.55  pm).  From  Fig.  2  it  is  apparent  that  AS2  is  preferentially 
incorporated  in  films  with  y  less  than  about  0.6.  Although  increasing  the  V/III  flux  ratio  increases 
the  As2  and  P2  beam  fluxes  in  the  same  proportion,  the  film  composition  should  become 
increasingly  As-rich  as  the  V/III  flux  ratio  is  increased,  in  agreement  with  data  of  Fig.  3.  During 
growth  of  films  with  higher  As  content  (i.e.,  y  -  0.8  in  Fig.  3),  AS2  and  P2  affe  incorporated  with 
equal  ease  and  no  dependence  of  y  on  V/III  flux  ratio  is  found.  Similar  results  for  GSMBE 
InGaAsP  have  been  reported  by  Lambert,  et  al.  (5]  and  the  preferential  incorporation  of  AS2  was 
first  reported  by  Arthur  and  Lepore  who  studied  the  MBE  growth  of  GaAsP  using  AS2  and  P2  [8]. 

4.3  Results  And  Discussion 

Two  types  of  mirrors  have  been  grown  and  characterized.  The  first  was  designed  to 
operate  at  1.3  pm  and  used  a  quaternary  of  1.15  pm  composition.  The  second  operated  at  1.55  pm 
and  used  InGaAsP  of  1.42  pm  composition. 

The  first  type  of  InGaAsP/InP  DBRs  were  grown  on  (100)n+  InP  substrates  to  provide 
high  reflectivity  in  the  wavelength  range  of  1.1  to  1.4  pm.  Each  heterostructure  was  doped  with  Si 
at  a  carrier  concentration  of  (8-10)xi017  cm*3  and  included  a  100  nm  InP  buffer  layer  and  a  500 
nm  InP  protective  cap  layer.  Transmission  electron  microscopy  (TEM)  was  performed  at  the  Solar 
Energy  Research  Institute  by  K.  Jones  and  M.  Al-Jassim.  Using  a  Philips  CM-30  microscope 
operating  at  300  kV,  a  typical  (Oil]  dark  field  image  of  a  DBR  is  shown  in  Fig.  5.  In  this  sample 
with  35.5  periods,  the  InGaAsP  layers  (dark  contrast)  and  InP  layers  (light  contrast)  are  seen  to  be 
uniform  in  thickness  with  the  same  period  of  171.5±5. 1  nm  over  the  entire  6.08  pm  of  the  DBR. 
Furthermore,  high  resolution  lattice  images  (not  shown)  indicated  an  abruptness  of  1-2  monolayers 
at  the  InP-to-InGaAsP  interface  and  2-3  monolayers  at  the  InGaAsP-to-InP  interface. 
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Just  prior  to  growth  of  each  DBR,  we  grew  a  calibration  sample  to  check  the  InGaAsP 
bandgap,  lattice  mismatch,  and  growth  rate.  The  calibration  sample  consisted  of  a  relatively  short 
period  superlattice  (SL)  covered  by  a  thick  layer  of  the  InGaAsP  material.  The  period  of  the  SL 
was  chosen  to  give  the  maximum  sensitivity  to  thickness  measurement  by  DCXR  (i.e.,  ±  0.3  nm). 
Figure  6  shows  the  DCXR  spectrum  for  such  a  typical  calibration  sample.  The  growth  rate  is 
obtained  from  the  SL  period,  the  lattice  mismatch  from  the  positions  of  the  InP  substrate  and 
InGaAsP  r  peaks,  and  the  bandgap  from  RT  PL  of  the  top  layer.  Final  corrections  were  then  made 
to  the  growth  timing,  effusion  cell  temperatures,  or  gas  flow  rates  before  growth  of  the  mirror 
heterostructure. 

Figure  7  shows  the  reflectivity  spectrum  of  a  35.5  period  InP/InGaAsP  (1.15  pm)  mirror 
after  removal  of  the  InP  cap  layer.  The  reflectivity  was  measured  at  approximately  15*  away  from 
normal  incidence  using  a  calibrated  double  beam,  double  grating  spectrophotometer.  A  freshly 
evaporated  gold  mirror  was  used  as  the  reference,  and  the  reflectivity  of  the  gold  was  included  in 
calculating  the  magnitude  of  the  reflectivity.  For  verification  of  the  peak  reflectivity,  it  was  also 
measured  using  a  1.320  pm  wavelength  laser.  The  spectrum  was  modeled  by  the  transmission 
matrix  method  [9]  including  refractive  index  dispersion  [10]  and  assuming  no  loss.  The  layer 
thicknesses  of  97.4  nm  for  InGaAsP  and  103.0  nm  for  InP  were  obtained  by  fitting  the  reflectivity 
data  and  agreed  within  1%  with  the  results  of  DCXR  diffraction  and  TEM  measurements.  The 
maximum  measured  reflectivity  was  96  ±  2%  at  a  wavelength  of  1.31  pm,  while  the  model 
predicts  a  peak  reflectivity  of  97.8%  for  35.5  periods.  The  lateral  uniformity  was  excellent  with  a 
variation  in  the  peak  wavelength  of  less  than  10  nm  over  a  region  of  1.5  inches  in  extent  on  a  2- 
inch  diameter  wafer.  To  the  best  of  our  knowledge,  the  above  result  is  the  shortest  wavelength  yet 
reported  for  a  InGaAsP/InP  epitaxial  mirror.  We  have  also  used  1.15  pm  InGaAsP  to  fabricate  a 
mirror  which  exhibited  a  reflectivity  of  97%  at  a  wavelength  of  1.24  pm. 

The  second  type  of  DBRs  was  designed  to  operate  at  a  wavelength  of  1.55  pm  and  used 
alternating  layers  of  InGaAsP  (1.42  pm)  and  InP.  The  measured  reflectivity  spectrum  of  a  1.55 
pm  mirror  and  the  1 .3 1  pm  mirror  of  Figure  7  are  shown  in  the  normalized  plot  of  Figure  8.  The 
maximum  reflectivity  of  the  1.55  pm  mirror  was  estimated  to  be  97-99%  for  39.5  periods,  very 
similar  to  the  best  previously  reported  for  any  mirror  operating  at  1.55  pm  [2].  Also  note  that  the 
optical  bandwidth  is  much  wider  at  1.55  pm  compared  to  that  at  1.31  pm,  sines  the  difference  in 
refractive  index  between  the  InGaAsP  and  the  InP  is  larger  in  the  1.55  pm  mirror. 

In  conclusion,  we  have  demonstrated  high  quality  InGaAsP  can  be  reproducibility  grown 
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by  GSMBE  using  pressure  control  of  the  feedstock  gases  ASH3  and  PH3.  Using  alternating  layers 
of  InGaAsP  and  InP  we  have  achieved  96%  reflectivity  in  a  DBR  operating  at  a  wavelength  of 
1.31  p.m,  97%  at  1.24  |im,  and  approximately  99%  at  1.55  p.m. 
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(b) 

Fig.  I  Pressure  control  of  hydride  gas  flow  for  GSMBE.  (a)  Schematic  diagram  of  gas  manifold,  (b)  Row 
ratio  as  a  function  of  pressure  ratio  for  gas  manifold  with  conductance  ratio  k  ■  10.  The  operating  points 
far  three  different  InGaAsP  composition  are  shown  for  PH3  as  gas  1  and  AsH3  as  gas  1 
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lnxGa-|  _xASyP-j  Lattice  Matched  to  InP 


F(PH3)/[F(PH3)+F(AsH3)]  or  (1-y) 


Fig.  2  The  bandgap  wavelength  as  a  function  of  fraction  of  PH3  in  the  gas  flow  and  as  a  function  of  the 
phosphorous  mole  fraction  (1-y)  in  InCaAsP  lattice  matched  to  InP.  The  solid  curve  is  from  Moon  et  al. 
(4]  while  the  open  circles  are  from  Lambert  et  al.  (51,  the  squares  from  Tsang  et  al.  (6],  and  the  triangles 
from  Wiedemann  et  aL  [7]. 
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Fig.  3  Room -ion  pen  cure  photoluminescence  spectra  o(  InGaAsP  films  grown  by  GSMBE. 
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lnxGa -j  _xASyP-|  _y  Lattice  Matched  to  InP 


Fig.  4  Arsenic  mole  friction  as  a  function  of  V/I1I  molecular  flux  ratio  for  InGaAsP  with  equivalent 
compositions  1.1, 13,  and  135  pm. 
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lnGaAsP(1.15/i,m)/lnP  DBR 
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Fig.  5  Dark  field  {Oil]  TEM  cross-section  of  an  InGaAsP(1.15  urnyinP  distributed  Bragg  reflector  grown  by 
GSMBE.  The  insert  shows  the  thicknesses  obtained  by  TEM. 
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lnGaAsP(1 .1 5/xm)/lnP  20  Period  Superlattice 
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Fig.  6  Double  crystal  x-ray  diffraction  spectrum  of  an  InCaAsP/InP  supertatbee  calibration  sample.  The  insert 
shows  the  300K  PL  spectrum. 
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The  optical  reflectivity  spectrum  for  a  distributed  Bragg  reflector  consisting  of  35_5  periods  of  97.4  nm  of 
InGaA$P(l.l5  pm)  and  103.0  nm  of  InP. 
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Fig,  8  The  measured  reflectivity  spectrum  of  two  DBRs,  one  centered  at  US  urn  and  the  other  at  1  31  (tm 
(same  spectrum  as  in  Fig.  7). 
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Mission.  The  mission  of  Rome  Laboratory  is  to  advance  the  science  and 
technologies  of  command,  control,  communications  and  intelligence  and  to 
transition  them  into  systems  to  meet  customer  needs.  To  achieve  this, 
Rome  Lab: 


a.  Conducts  vigorous  research,  development  and  test  programs  in  all 
applicable  technologies; 

b.  Transitions  technology  to  current  and  future  systems  to  improve 
operational  capability,  readiness,  and  supportability; 

c.  Provides  a  full  range  of  technical  support  to  Air  Force  Materiel 
Command  product  centers  and  other  Air  Force  organizations; 

d.  Promotes  transfer  of  technology  to  the  private  sector; 

e.  Maintains  leading  edge  technological  expertise  in  the  areas  of 
surveillance,  communications,  command  and  control,  intelligence,  reliability 
science,  electro-magnetic  technology,  photonics,  signal  processing,  and 
computational  science. 


The  thrust  areas  of  technical  competence  include:  Surveillance, 
Communications,  Command  and  Control,  Intelligence,  Signal  Processing, 
Computer  Science  and  Technology,  Eectromagnetic  Technology, 
Photonics  and  Reliability  Sciences. 


